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The effects of the degree of exchange and the dehydration upon the structural stability of silver-exchanged
forms of the synthetic zeolite Linde 4A have been investigated by means of DTA, X-ray diffraction, and adsorp-

tion studies.

The relative intensity of the X-ray powder diffraction decreased with an increase in the extent of

Agt-exchange, though it indicated no accurate information on the crystallinity. An exotherm on the DTA curves
which shifted to a lower temperature with the degree of exchange became an indication of the collapse of the
structure; this was in good agreement with the specific surface area of the sample heated at a higher temperature.
From these results, the silver-exchanged zeolite A was concluded to be thermally unstable and to lose its crystal

structure at a lower temperature than the original sodium form.

It is also proposed that the comparison of

the X-ray powder diffraction intensity is not suitable as a method for judging the crystallinity of zeolites A.

In the previous papers of this series,3% the instability
of silver-exchanged zeolites A [(Ag®*, Na)-A and
(Ag®®, Ca)-A]** was pointed out on the basis of the
low intensities of the X-ray diffraction patterns and
on the basis of their catalytic properties, which are
quite different from those of other cation-exchanged
forms. No study of the thermal stability of Ag®*-A
is found in the literature except that of the reduction
of silver ions in zeolite. Earlier studies of zeolite
A reported that the instability of zeolite A was ob-
served in ion-exchanges involving H*, Ba2?*, Zn?+,
Ni?+, Co?+, Cu?t and Fe3* by means of X-ray study,
and that Ag®*-A was stable.®>® However, the in-
fluence of the degrees of exchange and dehydration
(heat-treatment) on the structural stability has not
been systematically investigated; also, there are many
ambiguous statements in the method for determining
the crystallinity of cation-exchanged zeolite in the
reports.

The object of this investigation was to study the
thermal stability of (Ag®*, Na)-A in relation to the
degree of exchange. The propriety of the method
for determining the crystallinity will also be discussed
in relation to DTA, X-ray-diffraction, and adsorptive
studies.

Experimental

Materials. The original sodium-form of zeolite A was
Linde Molecular Sieves 4A (Na-A) powder. The ion
exchange was carried out at 8541 °C with a 0.1 M solu-
tion of AgNQO;, according to a method described before.®
Precautions were taken to shied it from bright light during
operations as much as possible, since silver-exchanged
zeolite was somewhat unstable to light. The higher ex-
changed sample was colored only a slight gray. The (Age=,
Na)-A samples, after having been dried at 120°C for 10
hr, were all kept over saturated NH,Cl solutions for at
least 2 weeks at room temperature to maintain the moisture
content constant. The degree of exchange was determined
by a method described before.

* Present address: Kanegafuchi Kagaku Kogyo Co.,
Takasago-shi, Hyogo.

** The nomenclature of the synthetic zeolites exchanged
with various cations is based on the suggestions given by
Barrer in the Proceedings of the 3rd International Conference

on Molecular Sieves, Zurich 1973.

X-Ray Diffraction. The X-ray powder diffraction pat-
terns were obtained on a scintillation counter spectrometer
(Rigaku-Denki Geiger flex D-9C unit) with a pen recorder,
using filtered Cu K« radiation. The hydrated and the
dehydrated samples were exposed to air while their spectra
were measured. Visual comparisons of the peak intensities
of certain planes were made. The (311), (321), and (322,
410) planes were chosen, as they have suitable intensities
in the original Na-A.

DTA. The differential thermal analysis was per-
formed in air using a Rigaku-Denki 8001 DTA unit, in
which the temperature was raised at the rate of 10 °C/min
up to 1000 °C. The «-alumina was used as the reference
material.

Specific Surface Area. The specific surface areas of the
samples, which were activated at various temperatures for
3 hr, were measured by a standard volumetric method, us-
ing oxygen as an adsorbate, at —196 °C. The samples
were activated in two different atmospheres, i.e., in vacuo
and in air.

Results and Discussion

First, the crystallinity of Ag®*-A was estimated
from the X-ray diffraction patterns. The sum of the
peak intensities of the (311), (321), and (322, 410)
planes of Ag®*-A was compared with that of the other
cation forms. As is shown in Table 1, all but Age*-A
have almost the same intensity. This shows that,
after ion exchange, all the hydrated samples except
Ag®*-A retain their primary crystal structure, as has
been reported in the literature.®® In many studies
of zeolites, the crystallinity has thus been determined
by comparing the intensities of selected X-ray powder
reflections.”)

RELATIVE X-RAY GRYSTALLINITY
OF HYDRATED ZEOLITES A

TasLE 1.

Cation forma) % Exchanged X-ray intensity?

Nat 100 164
K+ 79 143
Mg+ 76 170
Caz+ 82 148
Zn+ 81 137
Agt 99 59

a) Cation forms other than Ag* were prepared in Part
IL# b) Arbitrary units.
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TaBLeE 2. RELATIVE INTENsITY OF (Agex, Na)-A
POWDER DIFFRACTIONS

- i itye)
o, Exchanged X-ray intensity?®

° o(le)
Agt/(Agt+Nat) Hydrated 300 °C» 600 °C
0 164 173 "
28 119
38 105
84 58
499 71
99 59 19 3
467 118

a) Arbitrary unit. b) After heated for 3hr in wvacuo.
c) After heated for 3 hr in air. d) 250 °C. e) 700 °C.
f) Nagi, Agei-A reexchanged from uncalcined Agg%,

Nay.o-A.

The trouble is that the pattern of Ag®*-A was very
weak. As is shown in Table 2, the relative X-ray
crystallinity of (Ag®*, Na)-A decreased with an in-
crease in the extent of Ag+t exchanged; this trend
was found also in the samples calcined at higher tem-
peratures (up to 600 °C). This generally implies
that ion exchange of Na-A with Ag+ destroys the
crystal structure, and it is contrary to Barrer’s report.®)
However, in spite of the low intensities of all the peaks
every major peak of the Na-A pattern (5<26<35°)
was present in the pattern of Ag®*-A. We felt, there-
fore, that the low intensity of Ag®*-A was a result of
interference based on the high scattering power of
silver for X-rays. This suspicion was verified by the
fact that, when a sample of Ag®*-A, which had never
been dehydrated above 120°C, was re-exchanged
with an NaNO, solution, the Na™=-A showed its
peak intensity close to the original Na-A (See Table 2).
It may, therefore, be concluded that the silver-exchange

Na~-A

1

28%%

50%

84°%

ENDO «— AT — EXO

99%

TR0 40 50 500
Temperature ‘c

Fig. 1. DTA curves for (Age*, Na)-A
a) The degree of exchange, Ag*t/(Nat+Agt)
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of Na-A does not cause the crystal to collapse and
that Ag®*-A may be stable thermally up to 600 °C.
The most important point is that a conventional X-
ray powder diffraction study (i.e., a comparison of the
peak intensity) of cation-exchanged zeolites A does
not give accurate information on the crystallinity.
A similar conclusion may also be drawn from recent
reports on the stability of Ba®*-A.5:%)

Then, more detailed information on the stability
of Ag®*-A was obtained by a thermographic method.
The DTA results on (Ag®*, Na)-A are shown in Fig.
1. A pronounced endothermal effect (130—230 °C)
and two high-temperature exothermal effects (600—
910 °C) were observed in all the samples. The endo-
thermal effect corresponds to the removal of water
from the zeolite.1) The beginning of the first high-
temperature exotherm, which is due to the loss of the
structure, shifted from 780 to 560 °C with an increase
in the extent of silver. In fact, the additional X-ray
measurement revealed that the zeolite structure of
Ag®™; 5oNag o;-A is maintained until the beginning of
the first exoeffect (~600 °C) and that, at 700 °C,
the structure converts to the amorphous phase. This
exoeffect may be considered to be due to the following
reaction, caused by dehydration from structural hy-
droxyl groups:

4
Ag(H,0),-Zeolite > {Ag(OH)n-Z+AgO,-Z+H-Z}
I II v

4
< AgO;-Z + amorphous phase
111

That is to say, the dissociation of coordinated water
molecules by the polarizing power of Agt and by
heating releases protons, thus forming the structural
hydroxyls (IV). The dehydration of IV at a higher
temperature destroys the lattice structure. Since the
polarizing power of Agt* is larger than that of Nat,
the dissociation of the protons and the hydroxyl de-
hydration may be promoted at lower temperatures with
an increase in the extent of Agt in zeolite. The
process of the dehydration of IV appears on the first
exotherm. This trend was in good agreement with
the results obtained from the X-ray study and with
the below-mentioned specific surface area.

The other exotherm appears at 850—910 °C. It is
known that, at 800 °C, zeolite A recrystallizes to a
p-crystobalite-type structure. The latter exoeffect,
therefore, may indicate this. From these results, it
may be concluded that the thermal stability of Age:-A
is lower then that of Na-A.

The specific surface area of (Age®, Na)-A was de-
termined from the oxygen adsorption for samples cal-
cined at various temperatures in different atmospheres.
The stability of (Ag®*, Na)-A to the degree of exchange
and to heat-treatment is shown in Table 3. The
Age*-A calcined at 200 °C did not adsorb oxygen.
This is because of the residual water molecules co-
ordinated strongly to Agt; the evidence is supported
by the endotherm being sharp and larger than that
of Na-A in Fig. 1. It seems that the loss of the crystal-
linity is slightly greater in the case of air calcination
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TaBLE 3. THE SPECIFIC SURFACE AREA OF (Age®, Na)-A

Specific surface area, m?/g,

% Calcination temp. in vacuo
Exchanged
200°C  250°C  300°C 400°C 600 °C
0 385 689 659 616 2372

631 362.b)

28 * 664 686

38 638

50 653

57 661 527

84 451

99 * 669 403 361 71.2%
326 3082  <102.D

250 °C for 30 min in ovacuo after
b) 750°C. * Impossible to

a) Recalcined at
calcined for 3 hr in air.
measure.

above 300 °C was smaller than that at 250 °C. This
effect increases with the extent of silver exchange.
We estimate that a degradation of the structure oc-
curred to some degree, resulting in a partial obstruc-
tion of the zeolite pores to the oxygen adsorbate.
Below 600 °C, however, this structural change is too
samll to appear on the DTA curves. The specific
surface area of Na-A calcined at 600 °C in air was
still about 359, of the value at 250 °C, whereas
Ag®; 9oNag o-A calcined at 600 °C in air retained
only about 109, of its original crystallinity. The
latter change is very large, and it appears on the DTA
curve (see the 999, value in Fig. 1).

The results in Table 3 (column of 300 °C) suggest
that Ag* enters into sites unfavorable to maintaining
the structure when the degree of exchange exceeds
about 579%, since the specific surface area suddenly
decreases at 849,. Zeolite A has three kinds of cation
sites.’) Details on the site selectivity of Agt have
been reported by Nitta et al.1%

On the other hand, it is known that the Agt-ex-
changed zeolites are relatively reducible, easily in the
dehydrated state. It was first pointed out by Hab-
good!® that the reduced Age®=-X has a partial loss of
crystallinity with the appearance of metallic silver.
Huang!® reported also that Ag®*-X and Ag°*-Y were
reduced after treatment with CO at 350 °C. In the
present case, Ag®*-A exchanged highly has colored
only a slight gray in the hydrated state. This may
indicate a slight reduction of Ag* by light or CO in
air during drying at 120 °C. However, it is con-
sidered that the reduction resulting in a collapse of
the structure did not occur, because the specific surface
area was retained almost the same as in Na-A and
because the X-ray diffraction pattern, though low in
intensity, was unchanged. Giordano!® also reported,
from the results of DTA, that the collapse of the struc-
ture for Age*-A calcined at 400 °C and reduced by
hydrogen at 250 °C was negligible.

Furthermore, with regard to the color of Age*-A,
the sample was a white color and a slight grayish
white color; it first turned a deep yellow-red color
on dehydration in vacuo and in air at elevated tem-
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peratures. It changed to a bright yellow while cooling
in air and ultimately back to the original white at
room temperature. This color change occurred re-
versibly. Therefore, it is due to the alteration of the
ligands of Agt on dehydration, as has been described
above. A study!® of the UV spectra of Cu®*-Y at
different hydration levels has revealed that, in the
below reaction, the absorption band corresponding to
VI appears in a longer wavelength region compared
with that of V:

4 4
Cu(H,0) 2> CuO4(OH); > CuO,
v %1

In the present case, three distinct complexes exist at
several degrees of hydration; i.e., the I, II and III
described above correspond to them. According to
the spectrochemical series, the absorption spectrum
of Agt in II should shift to a wavelength longer than
that of I (i.e., from the ultraviolet to the visible region);
probably that of III would also shift to a longer wave-
length region. Consequently, the Ag®*-A changes
from colorless to yellow-red when it is dehydrated
at elevated temperatures.

We wish to thank Professor Jiro Ishii of Tokai Uni-
versity for his help in the X-ray measurment, Mr.
Takeshi Tsuchida of Hokkaido University for his help
in DTA analysis, and Dr. Takao Yotsuyanagi of
Hokkaido University for his valuable discussion on
the color of metal ion.
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